The failure process of reinforced concrete (RC) beams is exactly the emergence and propagation process of cracks. According to the principles of Fracture Mechanics, if the cracks were retarded in RC beams, the structure performance would be improved. In this paper, hybrid fiber reinforced polymer (HFRP) sheets are proposed to retard crack propagation in RC beams, and the crack-arresting and strengthening mechanism of the HFRP composite in the strengthening of RC beams is revealed, which is substantiated by the finite-element-modelling (FEM) analysis and bending improvement of RC beams with externally-bonded hybrid glass/carbon FRP (Hybrid G/C FRP) sheets.
Introduction
Due to increase of traffic volume, incident actions (e.g. earthquake and fire disaster) , ageing of materials and functional degradation of structures, structural strengthening and rehabilitating of existing reinforced concrete (RC) structures is becoming an increasingly demand in civil engineering [1] , [2] , [3] . Compared with traditional materials such as concrete and steel, fiber reinforced polymer (FRP) such as carbon fiber reinforced polymer (CFRP), glass fiber reinforced polymer (GFRP) and aramid fiber reinforced polymer (AFRP), has become excellent strengthening and rehabilitating materials because of its premium properties of low density, high strength to weight ratio, good ductility, good fatigue resistance and good corrosion resistance, which constitute the large-scale application in strengthening and rehabilitating of existing RC structures by the externally bonding method [4] , [5] , [6] , [7] , [8] , [9] , [10] .
However, the linear elastic properties of high-modulus and high-strength FRP (e.g. CFRP) up to rupture have negative findings on the ductility of the strengthened or rehabilitated RC structures, while strength properties of lowmodulus FRP (e.g. GFRP) have less reinforcement effect on loading capacity in the strengthening and rehabilitating of RC structures than the high-modulus and high-strength FRP [11] . Literatures indicate that hybrid fiber composite that is composed of two or more complementary fibers incorporated into a single matrix usually generates better properties not presented in any individual fiber component, which is beyond the expectation gotten from the mixing law [11] . Studies have shown that the fracture strain of hybrid glass/carbon fiber reinforced polymer (Hybrid G/C FRP) composite, with a G/C volume ratio of 0.5, increases 30% to 50% than that of CFRP; the impact toughness of hybrid glass/carbon FRP composite shaped by mixing 15% (by volume) glass fiber increases 2 to 3 times than that of CFRP. So, the concept of externally-bonded hybrid FRP (HFRP) composite for strengthening and rehabilitating of RC beams is put up [12] , [13] , [14] , [15] , [16] .
But, in the strengthening and rehabilitating design of RC beams, the structural design and analysis method adopted is based on the traditional strength theory (e.g. the principle of static equilibrium at destructive state) and corresponding resolution way, which neglects the accumulated damage and crack propagations during the failure process of RC beams, and results in the fact that the typical characteristics of material failure process cannot be identified, stress concentration in the crack tip cannot be described, and structure failure cannot be precluded [17] . So, in the tradition way, it is difficult to reveal the crack-arresting and strengthening mechanism of HFRP in RC beams, and investigate the performance of beams externally-bonded HFRP composite accurately and reliably.
Whereupon, based on the principles of fracture mechanics, the crack-arresting and strengthening mechanism of HFRP sheets in the strengthening of RC structures was firstly analyzed in this paper, and the validity of the mechanism is substantiated by the finite-element-modelling (FEM) analysis, and the bending test of RC beams with the dimension of 100mm (width) ×160mm (height) ×2000mm (length) strengthened with interply hybrid G/C FRP sheets. 
Crack-arresting and Strengthening Mechanism
As is well known, for the poor tensile strength of concrete, the cracking load of RC beams is far lower than the ultimate load [17] . Therefore, under loading, the cracking of RC beams is inevitable and accepted. Once cracking in RC beams, subjected to the coupling impact of load increase, material ageing, structure fatigue, as well as impact of incident actions, the cracks will increase rapidly into macrocracks. The emergency of macro-cracks means that the neutral axis goes up as the tension area of concrete is lost step by step, which leads to the decrease of structural rigidity dramatically, the deterioration of structure performance, and the deficiency of structure durability. While the macrocracks continue propagating in the RC beams, structural performance worsens continuously until the structure failure occurs. Therefore, the failure process of the RC beams is actually the emergency and propagation of cracks in the RC beam.
Thus, based on the fact that the RC beams usually works with cracks during its service-life, the fracture mechanics theory can be applied to study its performance.
From the perspective of Fracture Mechanics, the cracking of RC beams inevitable leads to the stress singularities at the crack tips [17] , [18] . Once the stress singularities reach to a significant extent, namely the stress intensity factors at the crack tips exceed the critical stress intensity factor of the concrete material, the cracks will begin to propagate, which will finally result in the functional obsoleteness and structural failure. Literatures have proposed some models to state the crack closure process of closure-affected cracks, which can be modified to reveal the crack-arresting and strengthening mechanism effects of HFRP composite in strengthening of RC structures [17] , [18] , [19] , [20] , [21] .
Supposing that a unilateral crack under pure bending occurs in the RC beam ( Figure 1 ). For the stress intensity factor of an edge crack is bigger than that of a central penetrated crack under the same loading sate, the crack is prone to unstable propagation [17] , [19] , [20] , [21] . When the HFRP composite are bonded on the surface of concrete, the role of HFRP can simplified as a pair of closure forces P HFRP loaded at a split-point B of the crack in the opposite direction, which make the edge crack into the internal eccentric crack as shown in Figure 1(a) , and thus reduce the stress intensity factor at the crack-tip. Furthermore, as the HFRP composite usually has better fracture toughness than single-component FRP, it is difficulty for the crack-tip B to pass through into the HFRP layer, the stress intensity factor of the crack-tip A is the controlling factor in retarding crack propagation. This is to say that the propagation of cracks in HFRP-strengthened structures is fulfilled through the propagation of inner cracks of concrete structures. A series of analytic solutions state that stress intensity factors of internal eccentric cracks are far lower than those of corresponding edge cracks [17] , [18] . Therefore, by externally bonding HFRP composite on the surface of concrete to reduce the stress intensity factor at the crack-tip effectively, and arrest the crack propagation of concrete beams, the anti-crack performance of the RC beam can be improved greatly. The following FEM analysis also shows, compared with the stress intensity factor at crack tip under loading, the closure forces P HFRP loaded at a split-point of the crack in the opposite direction can produce reverse stress intensity factor at the crack tip to reduce the stress intensity factor at crack tips, which will retard propagation of cracks. Similarly, the role of rebar in RC beams also indicates the principles of Fracture Mechanics, that is, a pair of closure forces P r loaded at a split-point of the crack in the opposite direction reduce the stress intensity factor at the crack tip, which will retard crack propagation as shown in Figure 1(d) . But, the bonding failure between the rebar and the concrete makes the crack-arresting capacity of rebar decrease continuously [21] . So, if a pair of closure forces is imposed at crack initiation before crack propagation, the negative stress intensity factor produced by the closure force would partially offset the stress intensity factor of the crack in RC beams as shown in Figure 1(e) . Besides, the pair of closure forces loaded at crack initiation will produce the maximum negative stress intensity factor. Thus, according to Newton's third law, when HFRP sheets bonded on the surface of RC beams are in tensile state, the effect produced by the bonded layer is equivalent to the crack closure imposed at crack initiation by a pair of concentrated forces P HFRP , which will retard the crack propagation, and improve the anti-crack performance.
According to the superposition principle of stress intensity factor, the stress intensity factor of the crack-tip A Taking the hybrid G/C FRP composite for example, the CFRP with low elongation should be put in the inner layer of the HFRP, which fractures first under loading, while GFRP with high elongation in the outer layer can retard the crack propagation in the HFRP composite.
FEM Analysis
In order to investigate the crack-arresting and strengthening effects of HFRP composite in RC beams, pre-crack concrete beams with an edge crack at mid-span were analyzed by the FEM method, which involves the modeling of the plain concrete beam and the concrete beam strengthened with HFRP composite (the HFRP-strengthened concrete beam) subjected to the four-point load. The HFRP composite is composed of a hybrid lay-up of one layer of unidirectional CFRP sheet (300 g/m 2 ) and one layer of unidirectional GFRP sheet (600 g/m 2 ), which are adhered to the bottom surface of concrete beams by means of an epoxy adhesive after the surface preparation (cleaning, sealing and priming) is done.
The material properties were obtained by tests ( Figure 2 ) and listed in Table1 respectively. The dimensions details and loading scheme of the RC beam model are shown in Figure 3 . According to the analysis method of linear elastic fracture mechanics, the isoperimetric singular element method for the twodimensional crack was employed to analyze the crack tip; while the 8-node quadrilateral element was employed for other elements (Figure 4) . As shown in Figure 2 , the interply hybrid G/C FRP composite is characterized with a yielding plateau, which is obviously different with GFRP and CFRP, while the tensile strength is improved by 171% compared with GFRP and the fracture elongation is improved by 70% compared with CFRP. So, the interply hybrid G/C FRP composite possesses the good stress-strain property, which can be used to improve the ductile and capacity in the strengthening of RC beams.
The results of FEM analysis are listed in Figure 5 and Figure 6 . According to the FEM results, the relationship between the stress intensity factor at the crack tip and the crack height is plotted under different loading levels (5kN, 10kN, 18kN,  25kN and 50kN) , which indicates that the stress intensity factor of the crack tip in the plain concrete beam increase sharply along with the rising of load and crack height (Fig.  5) .
Compared with the plain beam, the hybrid G/C FRP sheets externally bonded on the surface of the plain concrete beam makes the edge crack into internal eccentric crack, and the stress intensity factor at the crack tip of the HFRPstrengthened beam increases firstly and then decreases with the increase of crack height, which is far lower than that of the plain concrete beam under the same load and crack height (Fig. 6 ). In the beam strengthened with hybrid G/C FRP sheets, the stress intensity factor nearly reaches the minimum at about 0.7 beam height, which means the crack will stop propagation (Fig. 6) . Therefore, the crack-arresting and strengthening mechanism of the HFRP composite is substantiated, and the hybrid G/C FRP composite is good option for RC strengthening and rehabilitating.
The results also show that the ultimate load of the plain beam is 18kN, while that of the strengthened beam is 50kN, which mean that the capacity is also improved crackarresting and strengthening effects of the HFRP composite
Experimental Investigation
Two types of RC beams are designed to investigate the crack-arresting and strengthening effects of HFRP composite in this study, which are all subjected to four-point bending test. One is the normal RC beam, the other is the RC beam strengthened with hybrid G/C FRP sheets (the HFRP-strengthen RC beam). The dimensions, load scheme and arrangement of strain gauges are shown in Figure 7 , Figure 8 and Figure 9 .
The material properties of concrete and hybrid G/C FRP sheets are listed in Tab.1. The strength and elasticity modulus of rebar used are tested to be 361Mpa and 2.1×10 5 MPa respectively.
Before occurrence of crack during the loading test, the loading rate is controlled as about 0.5kN/min; after cracking, firstly shifted to about 1kN/min up to 10kN, then about 2kN/min. After each loading, the data of cracks, LVDTs and strain gauges are recorded. From the experimental data, we can get the cracking load and ultimate load of the beams, the propagation law of cracks, rebar strains and the loaddeflection curve. The relationship between load and deflection of beams at mid-span is shown in Figure 10 , which indicates that, compared with normal RC beam, the cracking load and ultimate load of the HFRP-strengthened RC beam increase separately by 36% and 106%, while the structural ductility is also good.
The ductility failure of the HFRP-strengthened RC beam is also observed, which can be attributed to the good fracture toughness and stress-strain properties of hybrid G/C FRP sheets.
The maximum stain of rebar at failure in the normal RC beam is about 1780µε, while the strain of the HFRPStrengthened beam has exceeded 2450µε, which means the HFRP-strengthened RC beam has better capacity than the normal RC beam.
Besides, the maximum crack width, the maximum crack height and crack spacing in the HFRP-strengthened RC beam are far less than those of the normal RC beam under the identical loading, which can be attributed to crackarresting capability of the HFRP composite. 
Conclusions
From the above analysis and investigation, the following conclusions can be drawn:
1) The hybrid G/C FRP composite changes the linear elastic characteristics of the CFRP up to failure and have a yielding plateau, which has a good impact on the ductility of the strengthened RC beams; meanwhile, possesses the high strength that the GFRP usually does not have.
2) The crack-arresting and strengthening mechanism of the HFRP composite in the strengthening of RC beam is revealed based on the crack-closure model and the superposition principle of stress intensity factor, which can be used to guide the strengthening design in a different way that is not adopted in the traditional strengthening theory.
3) It is feasible to improve the bending performance of the normal RC beam by externally bonded hybrid G/C FRP sheets under the guide of principles of fracture mechanics. 4) Compared with the normal RC beam, the HFRPstrengthened RC beam has higher cracking load, higher ultimate capacity and better ductility, which is benefited from the crack-arresting and strengthening effects of the hybrid G/C FRP composite.
